Arbuscular mycorrhizal fungi (AMF) can enhance tolerance of plants to soil water deficit, whereas morphological observations of reactive oxygen species and antioxidant enzyme system are poorly studied. The present study thereby evaluated temporal variations of the antioxidant enzyme system in citrus (Citrus tangerina) seedlings colonized by Glomus etunicatum and G. mosseae over a 12-day period of soil drying. Root colonization by G. etunicatum and G. mosseae decreased with soil drying days from 32.0 to 1.0% and 50.1 to 4.5% in 0-day to 12-day, respectively. Compared to the non-AM controls, the AMF colonized plants had significantly lower tissue (both leaves and roots) hydrogen peroxide (H 2 O 2 ) and superoxide anion radical (O 2
Introduction
Drought, one of the major environmental stresses, adversely restricts crop growth and yield. The damage effects of soil water deficit (SWD) include arrays of morphological, physiological, biochemical and molecular changes (Wang et al., 2001) . Meanwhile, SWD often causes oxidative stress, which imposes the origin reaction of reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ) and superoxide anion radical (O 2
•-). The production and scavenging of ROS are kept in a dynamical balance under well-watered conditions, whereas SWD can break this balance and induce greater accumulation of ROS, thereby triggering the damages to the membranes, DNA, and proteins (Impa and Nadaradjan, 2012) . On the other hand, plants also develop an antioxidant enzyme defense system including catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) (Mohammadi et al., 2011) and non-enzymatic antioxidant defense system such as ascorbate (AsA) and glutathione (GSH) (Pyngrope et al., 2013) to decrease the oxidative damage. Meanwhile, these antioxidant enzymes act the important functions to scavenge or detoxify the excess ROS under drought stress (Sharma et al., 2012) . In general, POD scavenges different substrates at the cost of H 2 O 2 , SOD decomposes O 2
•-to O 2 and H 2 O 2 , and CAT detoxifies H 2 O 2 (Pyngrope et al., 2013) . Arbuscular mycorrhizal fungi (AMF), one of the most widespread endophytic microorganisms, can form mutualistic symbiosis, arbuscular mycorrhizas (AMs), with the roots of 80% higher plants. It has been demonstrated that the AM symbiosis can protect plants against SWD, such as Chlorophytum borivilianum (Sushma and Tarafdar, 2012) , chickpea (Sohrabia et al., 2012) , and Knautia arvensis (Pavla et al., 2013) . Our previous study showed that AM-induced better growth and higher soil phosphatase activity was the basis for enhancing tolerance of trifoliate orange to SWD (Wu et al., 2011) . Studies have proved that the SOD activity of lettuce inoculated with Glomus mosseae was significantly higher than the un-inoculated plants under drought (Ruiz-Lozano et al., 1996) . Tian et al. (2013) showed that the Plukenetia volubilis plants colonized by G. versiforme increased guaiacol peroxidase (G-POD) and CAT activities, thus reducing the damage caused by ROS accumulation under drought. The Allium sativum plants colonized by G. fasciculatum had markedly higher leaf SOD and CAT and root POD activities under SWD, compared with the non-AMF colonized controls (Borde et al., 2012) . Wu et al. (2006) also reported that AMF significantly increased leaf POD and glutathione reductase activities and root ascorbate peroxidase activity in trifoliate orange seedlings exposed to SWD. These studies fully displayed that the antioxidant enzyme defense system can act an important mechanism to enhance tolerance 36 pots or replicates. Meanwhile, before the SWD, all the pots were uniformly watered to field capacity (-0.02 Mpa, soil water potential) by weighting in terms of daily evaporation rate for 24 weeks and then subjected to a continuous soil drying episode by withholding water of pots for 12 days.
Measurement of root colonization
Root mycorrhizal colonization was done following the method of Phillips and Hayman (1970) .
Determinations of antioxidant enzymes and ROS
Analysis of SOD was accorded to Giannopolitis and Ries (1977) . CAT and POD activities were measured using the method of Aebi (1984) and Kar and Mishar (1976) , respectively.
The concentrations of H 2 O 2 and O 2 •-were measured as Harinasut et al. (2003) and Wu et al. (2006) , respectively.
Leaf H 2 O 2 location in situ
Leaf H 2 O 2 location in situ was followed by RomeroPuertas et al. (2004) with minor modifications. Briefly, intact leaves were rapidly immersed in 1% Diaminobenzidine (DAB) contained in 10 mM MES buffer (pH 6.5), vacuum-infiltrated for 30 min, and then incubated in darkness at ambience for 8 h. Subsequently, the leaf was illuminated until the appearance of brown spots which was caused by the reaction of DAB and H 2 O 2 , and then bleached by immersing in 95% ethanol to visualize the brown spots. Afterwards, the leaf was immersed in distilled water and visualized the bronzing precipitates.
Root POD location in situ
Root POD location in situ was determined according to the method of Thordal-Christensen et al. (1997) and Salzer et al. (1999) with minor modifications. Fresh AM and non-AM root segments at 12 days of soil drying were incubated in l mg mL -1 DAB for 15 min, immersed in 0.1 mM H 2 O 2 for 2 min, and ended by 96% ethanol. The roots then were transferred to 10% lactic acid solution for microscopic examination.
Statistical analysis
Experimental data were analyzed using variance (ANOVA) with the SAS software. Fisher's Protected Least Significant Differences were used to compare the significant differences at 5% level.
Results
Root mycorrhizal colonization ranged from 50.1 to 4.5% under G. mosseae and from 32.0 to 1.0% under G. etunicatum during 0-12 days of soil drying (Fig. 1) . Root mycorrhizal colonization notably decreased with the increase of soil drying days, and t was significantly higher in of the host plant to SWD under mycorrhization, but no information involved in the temporal variations of antioxidant enzyme system. Although the AM-induced tolerance to SWD also involves in nutrient uptake, extraradical hyphae, root system architecture, glomalin, osmoregulation, and antioxidant defense systems (Wu et al., 2013) , whereas the information about the morphological observation of ROS and antioxidant enzymes is lacking under mycorrhization. On the other hand, our previous studies are mainly paid great attention to antioxidant enzyme activities after a certain time period of soil drought (Wu et al., 2006 (Wu et al., , 2007 , while little is paid to the dynamic change of antioxidant enzymes caused by AMF over a period of soil drying.
Citrus, an important evergreen fruit tree, is cultivated in many countries around the world. Meanwhile, China is one of the main citrus fruit-producing countries and has reached to ~2.3 million hectares of citrus plantation in 2011 with an annual 3% increase in recent five years. However, citrus trees in China are often facing severe soil drying, particularly during summer. The object of this study was thus to evaluate the dynamic change of antioxidant enzyme defense systems in citrus plants inoculated with or without G. mosseae and G. etunicatum over a 12days period of soil drying. Furthermore, this study also analyzed the in situ morphological changes through leaf H 2 O 2 and root POD location.
Materials and methods

Plant culture
Seeds of red tangerine (Citrus tangerina Hort. ex Tanaka), collected from a Citrus Orchard of Yangtze University campus, were sowed on March 27, 2010. Before sowing, seeds were disinfected for 5 min in 5% H 2 O 2 , rinsed four times with distilled water, and sown into a 15×18×20 cm plastic pot containing the autoclaved (0.11 MPa, 121°C, 2 h) substrates of yellow soil, vermiculite, and sphagnum (2:1:1, v/v/v). At sowing, seedlings for the AM inoculation received 50 g AM inocula including the infected roots of Sorghum vulgare, spores, and external hyphae, and the non-inoculated seedlings received same quantity autoclaved inoculants as the control. All the AM and non-AM seedlings were watered with deionized water at an interval of 3 days to keep field capacity, based daily evaporation rate. The seedlings were placed in a plastic greenhouse of Yangtze University, where day/night temperature was 24/18 °C, relative humidity 70-95%, and photosynthetic photon flux density 672-893 μmol/m 2 /s.
Experimental design
The experiment consisted of a two-factor randomized design with three AMF inoculations (G. mosseae, G. etunicatum, and non-AMF control) and stressed days of SWD (0, 4, 8, 12 days) . Each treatment replicated three times, and each replicate contained three seedlings, for a total of the G. mosseae-colonized seedlings than in the G. etunicatum seedlings during the soil drying. Fig. 1 . Effect of soil drying on root mycorrhizal colonization of Citrus tangerina plants. Different letters above the bars between AMF treatments under similar days of soil drying indicated significant differences at 5% level Leaf H 2 O 2 in situ showed the significant differences between AM and non-AM seedlings under 0-12 days of soil drying (Fig. 2) . The quantity of brown spots in leaves increased with the increase of soil drying days, irrespective of AM and non-AM seedlings. At 0, 4, 8, and 12 days of soil drying, the plants with G. mosseae and G. etunicatum showed less brown spots than non-AM plants. In addition, the AM seedlings had only a few brown precipitates that were associated with the mesophyll part even at the later stage of SWD. However, the precipitates in the non-AM plants caused by H 2 O 2 accumulation gradually spread from mesophyll and principal vein to whole leaf. During the 12 days of soil drying, leaves and roots in the G. mosseae and G. etunicatum seedlings had less H 2 O 2 (Fig.  3) and O 2
•- (Fig. 4 ) concentrations than these in the non-AM seedlings. Meanwhile, the concentration of H 2 O 2 and O 2
•-in leaves and roots were highest in non-AM treatment, higher in G. etunicatum and least in G. mosseae. •-concentrations of Citrus tangerina plants. Different letters above the bars among AMF treatments under similar days of soil drying indicated significant differences at 5% level Generally, SWD caused an obvious decline in CAT activity of leaves or roots, irrespective of AM colonized or not (Fig. 5) . Meanwhile, the CAT activity in roots and leaves were significantly higher in mycorrzhial plants than in non-mycorrhizal ones, irrespectively of soil drying days. The leaf or root CAT activity of G. mosseae-colonized seedlings was significantly higher than that of G. etunicatum-colonized seedlings.
Leaf and root POD activity increased with the increase of soil drying days (Fig. 6) . On the other hand, AM seedlings had significantly higher leaf and root POD activity than non-AM seedlings, regardless of soil water status. Meanwhile, G. mosseae showed better effects on leaf and root POD activity than G. etuncatum. Compared with the non-AMF treatment, the situ localization of POD in root in the G. mosseae and G. etunicatum treatments showed SOD activity but increased leaf SOD activity. At 8 and 12 days of SWD, AMs significantly increased leaf and root SOD activity. Fig. 8 . Effect of soil drying and AMF on leaf and root SOD activity of Citrus tangerina plants. Different letters above the bars among AMF treatments under similar days of soil drying indicated significant differences at 5% level
Discussion
Under soil water deficit AM symbiosis generally confers better growth performance, greater photosynthetic efficiency, and higher antioxidant system defense systems of host plants, including bean, wheat, and rice plants (Habibzadeh et al., 2013; Moucheshi et al., 2012; RuizSánchez et al., 2010) . Our study also indicated that the AMF inoculations presented higher activities of tissue SOD, POD, and CAT during SWD, in company with lower levels of H 2 O 2 and O 2
•-, although root mycorrhizal colonization decreased with timing of SWD. This is consistent with the findings of Wu and Zou (2009) , who reported that mycorrhizal grafted citrus seedlings had significantly lower H 2 O 2 and O 2
•-and higher activities of SOD, POD, and CAT under SWD. This suggested that AMs might enhanced drought tolerance of the host plant by increasing antioxidant enzyme activities to reduce ROS concentration.
In the present study, H 2 O 2 and O 2 •-concentrations were higher in the non-AM seedlings than in the AM seedlings, indicating that AM seedlings during SWD suffered from less oxidative damage than non-AM controls. Such less oxidative damage in AM seedlings might be due to that AM associations could confer better water availability and osmoregulation defense mechanism and higher antioxidant defense systems (Porcel and Ruiz-Lozano, 2004; Wu et al., 2013) . Fester and Hause (2005) found that the intracellular accumulation of H 2 O 2 was located on the surface of fungal hyphae and diffused in the thin hyphal wall of arbuscule branches, thereby resulting in the fungal programme for senescence. It seemed that AMs partly accumulated H 2 O 2 in hyphae and arbuscules, thereby alleviating oxidative damage in other cells of AM roots lower brown root staining (Fig. 7) . In addition, the root brown staining was significantly different between G. mosseae-and G. etunicatum-colonized roots. At 0 days of SWD, AM inoculation did not affect leaf SOD activity but enhanced root SOD activity (Fig. 8) . At 4 days of SWD, AMF colonization did not affect root to detoxify more H 2 O 2 accumulation, resulting in lower oxidative damage.
Conclusion
In the present work, G. mosseae and G. etunicatum had positive effects on antioxidant enzyme defense systems in leaf and root of C. tangerina seedlings grown under SWD, thereby decreased the H 2 O 2 and O 2
•-concentrations of citrus tissues. As a result, AMs conferred greater drought tolerance to citrus seedlings during SWD in terms of a higher antioxidant enzyme defense system. (Fester and Hause, 2005) . On the other hand, the decrease of H 2 O 2 and O 2
•-caused by mycorrhization might dependent on AMF specie, as G. mosseae exhibited better effects on decreasing of WHAT than G. etunicatun during soil drying. This result is in agreement with the finding of Wu et al. (2007) . The in situ location of leaf H 2 O 2 also showed that brown spots in leaves were less in the AM than in the non-AM seedlings during soil drying, suggesting that AMs obviously decreased the accumulation of H 2 O 2 in leaf. Yin et al. (2010) showed that SOD activity of non-AM strawberry was significantly lower than that of AM plants. Our study proved that the activity of root and leaf SOD was generally significantly higher in mycorrhizal than in non-mycorrhizal plants during soil drying. This is in agreement with the findings of Zhu et al. (2011) (Pyngrope et al., 2013) . In the present study, the AM seedlings had significantly higher leaf and root POD activities than non-AM seedlings during soil drying, which is consistent with the results of pistachio plants colonized by G. etunicatum fungi under DS (Abbaspour et al., 2012) . In addition, G. mosseae was better than G. etunicatun in increasing POD activity of the citrus seedlings under SWD. In the morphological observation, our study showed that after 12 days of soil drying, AM roots exhibited lower brown staining than the non-AM roots, suggesting that a higher POD activity in AM roots resulted in a lower accumulation of H 2 O 2 . The DAB staining in roots could reflect an accumulation of H 2 O 2 , which is in agreement with the finding of Salzer et al. (1999) . As a result, mycorrhizal citrus seedlings that possess significantly higher POD activity could cope with ROS accumulation during soil drying.
CAT can detoxify the H 2 O 2 to H 2 O and O 2 (MoraHerrera et al., 2012) . Huang et al. (2010) proved that AMs had little effect on CAT in tomato roots but significantly increased leaf CAT under salt stress. Wu et al. (2010) also found notably higher activity of CAT in trifoliate orange plants colonized by G. mosseae and G. versiforme under salt stress. Our study showed that the AMs did not significantly affect leaf CAT activity at 0 and 4 days of soil drying but notably increased leaf CAT activity at 8 and 12 days of soil drying, suggesting that the inducing of CAT activity caused by AMF was dependent on the time of drought stress. Thus, at the beginning of SWD, CAT did not act its ROS elimination role in leaves of AM plants. In contrast, AM roots had higher CAT activity than the non-AM roots, implying that during SWD, root CAT might be induced by AMF colonization. Higher CAT activity of AM seedlings could thus confer their host plant
